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Technology, Beijing, ChinaABSTRACT Computer simulations were used to study the cluster formation of anchored proteins in a membrane. The rate and
extent of clustering was found to be dependent upon the hydrophobic length of the anchored proteins embedded in the
membrane. The cluster formation mechanism of anchored proteins in our work was ascribed to the different local perturbations
on the upper and lower monolayers of the membrane and the intermonolayer coupling. Simulation results demonstrated that only
when the penetration depth of anchored proteins was larger than half the membrane thickness, could the structure of the lower
monolayer be signiﬁcantly deformed. Additionally, studies on the local structures of membranes indicated weak perturbation of
bilayer thickness for a shallowly inserted protein, while there was signiﬁcant perturbation for a more deeply inserted protein. The
origin of membrane-mediated protein-protein interaction is therefore due to the local perturbation of the membrane thickness, and
the entropy loss—both of which are caused by the conformation restriction on the lipid chains and the enhanced intermonolayer
coupling for a deeply inserted protein. Finally, in this study we addressed the difference of cluster formation mechanisms
between anchored proteins and transmembrane proteins.INTRODUCTIONThe membrane proteins, which are an important component
of the biological membranes, are involved in a variety of
cellular processes such as cell adhesion, cell signaling, accu-
mulation, and transduction of energy (1). Recently, there
has been tremendous academic and industrial interest in
anchored proteins, including peripheral proteins and mono-
topic proteins, which are involved in biological process
and pharmaceutics. As an important class of membrane pro-
teins, most of the anchored proteins bind tightly to the mem-
brane and penetrate into its hydrophobic core. However,
different from transmembrane proteins, anchored proteins
in general do not span the lipid bilayer. An anchored protein
can be divided to two parts—i.e., the hydrophilic part outside
the membrane and the hydrophobic part embedded in the
membrane. For different anchored proteins, their hydro-
phobic lengths are, in general, different. For example, the
hydrophobic lengths of prostaglandin H2 synthase-1, fatty
acid amide hydrolase, and monoamine oxidase B are 7.2,
10.0, and 16.2 A˚ngstroms, respectively (data from the Orien-
tations of Proteins in Membranes database, http://opm.phar.
umich.edu/). To date the x-ray crystal structures of several
kinds of anchored proteins, such as prostaglandin H2 syn-
thase (2), squalene-hopene cyclase (3), monoamine oxidase
(4), fatty acid amide hydrolase (5), and microsomal cyto-
chrome P450 (6), have been experimentally determined.
Although the crystal structures and properties of them have
been investigated experimentally and theoretically (7), the
influence of the hydrophobic lengths on the membrane struc-Submitted November 8, 2009, and accepted for publication February 17,
2010.
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rarely investigated. Only recently, coarse-grained molecular
dynamics simulations demonstrated that deep insertion of
monotopic proteins cause significant local perturbation of
bilayer (8).
Over the past several years, computer simulation methods
have become a powerful alternative to address the static and
dynamic properties of an anchored protein and its interaction
with the surrounding lipids. A number of computer simula-
tion studies have been performed on different anchored
proteins, especially monotopic proteins. For example, a
molecular dynamics (MD) protocol, which integrates prosta-
glandin H2 synthase (PGHS) monomers into phospholipid
bilayers, was proposed by Fowler and Coveney (9), for
which they produced in silico atomistic models of the
PGHS system. The details of interaction between PGHS
and lipids were studied by Nina et al. (10). The squalene-
to-hopene carbocation cyclization mechanism and the struc-
tural and dynamical features of squalene-hopene cyclase
were investigated by MD simulations (11,12). The interac-
tions of selected monotopic proteins with the lipids of the
membranes were studied using MD (13,14) and coarse-
grained MD simulation (8,15,16). The above computer simu-
lations provided the new insight into the microscopic details
of the structure of anchored proteins and protein-membrane
complexes. However, no interaction between anchored pro-
teins was studied until now.
It is well established (17–26) that many membrane pro-
teins are organized in clusters to perform their cellular func-
tion, rather than diffuse freely on the lipid membrane.
A question then naturally arises as to how or why those
proteins self-assemble into clusters. For transmembrane
proteins, several physical models have been proposed, anddoi: 10.1016/j.bpj.2010.02.032
FIGURE 1 Schematic drawings of (A) the model of lipid molecules, and
(B) the model of anchored proteins (nt ¼ 4). (C) Schematic drawing of the
membrane with a model protein embedded, the protein hydrophobic length
dp, the effective hydrophobic length d
eff
p , and the tilt angle f
tilt. (D) Typical
snapshots during the processes of cluster formation of different anchored
proteins with nt ¼ 3 (left) and nt ¼ 7 (right) at time steps of 0, 1.5  105,
3.5  105, and 5  105, respectively, from top to bottom. The red beads
represent hydrophilic heads of the lipid molecules and the blue beads repre-
sent hydrophobic tails. The yellow beads represent the hydrophilic groups of
the protein and the green beads represent the hydrophobic groups. The white
circles highlight domains formed by the several small clusters. Water beads
are not shown for clarity.
Cluster Formation of Anchored Proteins 2555the protein-protein interaction can be specific, homophilic
interactions (18) or nonspecific, including depletion interac-
tions due to the lipid osmotic pressure (27) and hydrophobic
mismatch (28). Schmidt et al. (29) demonstrated that the
cluster formation of transmembrane proteins can be attrib-
uted to the effects of hydrophobic mismatch (30,31). When
the hydrophobic domain of transmembrane proteins does
not match the thickness of the membrane hydrophobic
core, clustering of proteins has been observed. Anchored
proteins, such as glycosylphosphatidyl-inositol-anchored
proteins, have been validated to form clusters experimentally
(18,23); however, the protein-protein interaction and the
mechanism of clustering are rarely studied.
In addition to the self-assembly of transmembrane pro-
teins, it is also important and meaningful to study the cluster
formation of anchored proteins, which should include
the rate of clustering and the cluster formation mechanism.
Coarse-grained computer simulations by others (30,32) have
recently shown that curvature-inducing model proteins
adsorbed on lipid membranes can experience attractive inter-
actions that arise purely as a result of membrane curvature.
Thus, a question arises: In addition to the curvature-medi-
ated attraction, for two anchored proteins that are lacking in
specific interaction, are there any nonspecific interactions
that can operate between them?
According to the literature (33,34), clustering of these pro-
teins is often suggested to rely, at least in part, on membrane-
mediated interactions, and it is postulated that the interaction
between the anchored proteins and the surrounding lipid
bilayer may serve to facilitate clustering, but unequivocal,
quantitative data in support of these presumptions do not
seem to exist. In this study, with the aid of computer simula-
tions, we address that question, and seek to supply such data.
In this article, the dissipative particle dynamics (DPD)
method, which can deal with larger length and timescales
compared with the MD method, was applied to study the
clustering rate and the aggregation mechanism of anchored
proteins within a coarse-grained framework. The remainder
of the article is organized as follows. In the next section,
we propose the model for anchored proteins and lipids and
describe the simulation method. Then the results and discus-
sion are presented, which is followed by a brief summary of
the main conclusions.MODEL AND SIMULATION METHOD
Coarse-grained model
Different molecules in this work, including lipids, proteins, and water, are
modeled by a set of coarse-grained beads. There are three types of beads:
water beads (labeled W); hydrophilic beads (labeled H) that model either
the headgroup of the lipids or the hydrophilic part of proteins; and hydro-
phobic beads (labeled T) that model the tailgroup of the lipids and the hydro-
phobic part of the proteins. The model of the lipids is composed of three
head beads and two tail chains with equal length (see Fig. 1 A) in the system,
which correspond to a dimyristoyl-phosphatidylcholine phospholipid (35).
There are five beads in each tail chain that are connected with spring forces,and forces constraining the variation of the bond angles are also added to
make the chain rigid.
The anchored protein in our work is modeled as a rodlike object with no
appreciable internal flexibility. This model is on the analogy of the model
transmembrane protein of Venturoli et al. (31). An anchored protein is
composed of a bundle of seven amphiphatic bead chains, in which each
chain is built by connecting three head beads and nt tail beads. Note that
in this kind of model the part of proteins outside the membrane was sim-
plified because we focus on the influence of anchored proteins on the
membrane deformation. In each model protein, the center chain is sur-
rounded by another six chains, and all the beads of the chain are linked to
the neighboring ones by spring forces to form a relatively rigid body.
To study the influence of the hydrophobic length of anchored proteins on
the protein-membrane interaction and the clustering rate, we have chosenBiophysical Journal 98(11) 2554–2563
2556 Li et al.proteins composed of the chains with different numbers of hydrophobic
beads, such as nt ¼ 2, 3, 4, 5, 6, 7, and 8 (see Fig. 1 B).
In a simulation box with the size of 50  50  30, a bilayer formed by
3100 lipid molecules was prepared with its surface perpendicular to
z axis, and located at the middle of simulation box. Equal water beads
were randomly inserted above and below the bilayer, and the corresponding
density of the whole system was set to 3.0. At the simulation temperature
T ¼ 1.0, a simulation of 50,000 time steps was performed to equilibrate
the predefined initial configuration and the surface tension of the membrane
is nearly zero. Fig. 1 C shows part of the initial configuration used in our
work. To describe the position and orientation of the proteins with respect
to the membrane, the protein hydrophobic length dp, the effective hydro-
phobic length deffp , and the tilt angle f
tilt are calculated (see Fig. 1 C).
Another important variable, the penetration depth of an anchored protein,
is defined as the distance from the bottom of the protein to the unperturbed
surface of the membrane. The monolayer of the bilayer in which the protein
hydrophilic part resides is called the upper monolayer (as opposed to the
other monolayer, the lower).Dissipative particle dynamics method
The dissipative particle dynamics (DPD) method was first introduced to
simulate the hydrodynamic behavior of complex fluids (36–38). Recently,
it has been applied to study a variety of amphiphilic systems (39–52).
The elementary units of DPD simulations are soft beads whose dynamics
are governed by Newton’s equation of motion similar to MD simulation.
The interparticle force exerted on a particle is composed of conservative,
dissipative, and random forces. The conservative force between particles
i and j is soft repulsion acting along the line of the particle centers and is
determined by
FCij ¼ aijbr ijmax

1  rij=rc; 0

; (1)
where aij is the maximum repulsive strength between particles i and j, rij ¼
rj  ri (ri and rj are the positions of particles i and j), rij ¼ jrijj, brij ¼ rijjrijj,
and rc is the interaction range. The parameters described the interactions
between different beads were derived from the study of Venturoli et al.
(31). In this system, the interaction parameters between the same bead types
aTT ¼ aWW ¼ 25 and aHH ¼ 35, and between the different bead types aTW ¼
aHT ¼ 80 and aHW ¼ 15, were set. Although some atomistic details are sacri-
ficed during this coarse-graining procedure, the essential thermodynamics of
the system is reproduced by the simulation model and the parameter set
(36,37).
As usual, we have chosen the interaction cutoff rc, the particle mass, and
the thermostat temperature kBT to unity, i.e., rc¼ m¼ kBT¼ 1. To map rc to
its actual physical size according to the coarse-grained level, we used the
formula proposed by Groot and Rabone (53),
rc ¼ 3:107ðr NmÞ1=3

A

:
In the formula, Nm is the number of water molecules represented by a DPD
bead and r is the density, i.e., the number of DPD beads per cube of volume
rc
3. It is assumed that Nm ¼ 3, r ¼ 3.0, and a water molecule has approxi-
mately a volume of 30 cubic A˚ngstroms. Hence, we obtain that rc is 6.46
A˚ngstroms according to the formula. As a result, membrane thickness
(only the hydrophobic core is taken into account) is 21.66 A˚ngstroms and
the half is 10.83 A˚ngstroms, which is shorter than the length of the lipid
tail (18.34 A˚ngstroms) due to the overlapping of two monolayers.
In the model of lipids and proteins, the interaction between neighboring
beads along the same molecule is used by a harmonic spring force,
FS ¼ KS

rij  req

r
_
ij; (2)
where KS is the spring constant and req is the equilibrium bond length.
The numerical values of KS and req used for our simulations are 128 kBTBiophysical Journal 98(11) 2554–2563and 0.7 rc, respectively (35). The force constraining the variation of the
bond angle is given by
Ff ¼ VUf and Uf ¼ Kfð1  cosðf f0ÞÞ; (3)
where f0 is set to p and Kf is the bond bending force constant. In the model
of lipid, the value of Kf is 10.0 and in the model of protein, it is 50.0 to make
the protein rigid. The time evolutions of the systems were obtained from
a modified version of Velocity-Verlet algorithm (37) with a time step of
Dt ¼ 0.02.
The surface tension s of a bilayer (54,55) is directly related to the three
diagonal components Pxx, Pyy, and Pzz of the z-dependent local pressure
tensor P(z) by
s ¼
Z N
N

1
2

PxxðzÞ þ PyyðzÞ
 PzzðzÞ
	
dz: (4)
The tensor P(z) has a kinetic part and an interaction part, in which the kinetic
part is not computed because it does not contribute to the stress profile. To
determine the pressure tensor profile along the z axis, we partitioned the
simulation box into many layers, with equal thickness of Dz ¼ rc/8, being
parallel to the membrane. Thus, for each layer it begins from z and ends
at z þDz. The local pressure tensor is then given as
PðzÞ ¼ 1
nLxLyDz
X
j
X
ðk;lÞ

VjkU
ðnÞ  VjlUðnÞ

5rjk jl f

zjk ; zjl ; z

;
(5)
where Lx and Ly are the system box dimensions along x and y directions,
respectively, and U(n) denotes n-body potential. The summation over
j includes all of the interactions involving n beads, and (k, l) means summing
over all possible bead pairs in the n-body interaction j. The weight function
f(z1, z2, z) is defined by
f ðz1; z2; zÞ¼
qðz1  zÞqðz þ Dz z1Þ z1 ¼ z2
1
z2  z1
Z z2
z1
dz0qðz0zÞqðzþ Dz z0Þ z1sz2
;
8><
>:
(6)
where q is the Heaviside function with q(z) ¼ 0 for z < 0, q(z) ¼ 1 for z> 0,
and q(z) ¼ 1/2.RESULTS AND DISCUSSION
Aggregation of anchored proteins
To investigate the aggregation of anchored proteins on
biomembranes, we simulated seven types of proteins with
different hydrophobic lengths. The proteins are differenti-
ated according to the number of hydrophobic beads of the
chains composing the protein, e.g., nt ¼ 2, 3, 4, 5, 6, 7,
and 8. To prepare the initial configuration for every case,
100 proteins were regularly arranged on a membrane with
an area of 50  50. For this purpose, a pure lipid bilayer
with zero surface tension was first prepared by tuning the
number of the lipids. Then a number of holes were dug
and the proteins were inserted into the holes. For this
process, a number of short simulations (in which the size
of the holes can be tuned by changing the number of the
deleted lipids) were performed to allow us to choose the
configuration in which the surface tension was roughly
Cluster Formation of Anchored Proteins 2557closest to zero. For each protein, three independent runs were
performed with different initial velocity distributions gener-
ated by different seeds of random numbers. Note that in the
following section, unless indicated otherwise, all results
were statistically averaged over the three runs.
Our simulation results indicate that different anchored
proteins not only result in different assembly dynamics,
but also different aggregation numbers. For the protein of
nt ¼ 3, typical snapshots in Fig. 1 D (left) demonstrate that
the 100 proteins approach each other immediately via ran-
dom collision and form small clusters with different sizes,
such as dimer, trimer, and tetramer. The small clusters are
obviously kinetically unstable, because they frequently
form and then just as quickly break, as indicated by the snap-
shots. For the proteins with long hydrophobic parts, such as
nt ¼ 7, however, different assembly dynamics were observed
(see, e.g., Fig. 1 D, right). In this case the self-assembly is
a rather complicated process in which the clusters gradually
grow via both the monomer addition and cluster fusion.
Within the computation time we can afford, proteins form
several stable domains that are composed of several clusters.
The largest cluster in Fig. 1 D (right) is formed by 19
monomers.
The assembly process of anchored proteins can be
explained in term of the time evolution of the number of
clusters (see Fig. 2 A). For the anchored proteins (nt ¼ 2,
3, and 4) whose penetration depths are less than half the
membrane thickness (10.83 A˚ngstrom), the number of pro-
tein clusters rapidly decreases to ~70 and lead to an equilib-
rium cluster size of 1.4. However, for the anchored proteins
(nt ¼ 5, 6, 7, and 8) whose penetration depths are more than
half the membrane thickness, the number of protein clusters
rapidly decreases within the first 1  105 time steps and then
continues to decrease at a greatly reduced rate. This is
because, for the first stage, the assembly is dominated by104 105 106
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Cthe monomer with high diffusivity, whereas, at the end of
the first stage, the monomer is depleted, and subsequently, the
assembly is dominated by the cluster fusion. Hence, during
the second stage, the low diffusivity of a larger cluster
substantially slows down the rate of assembly. The two-stage
process can be clearly identified from Fig. 2 A. The steeper
slope of assembly during the first stage (within the first
1  105 time steps) for the protein with larger hydrophobic
length indicates that the larger hydrophobic length results
in a stronger driving force for the assembly of proteins.
Note that it is hard to confirm whether the system of the
proteins with largest hydrophobic length reaches the equilib-
rium state or not, because the computation time for sufficient
fluctuation of large clusters is beyond what we can afford.
The aggregation number of proteins is given in Fig. 2 B as
a function of their penetration depths. It indicates the trend of
self-assembly is rather weak for shallowly inserted proteins
(e.g., nt ¼ 2, 3, and 4), whereas there is significant aggrega-
tion for more deeply inserted proteins (e.g., nt ¼ 5, 6, 7,
and 8). This obviously agrees with the observation in
Fig. 2 A. More significantly, it is concluded from Fig. 2 B
that when the penetration depth is less than half the mem-
brane thickness, the average cluster size is small and does
not changes much with the penetration depth. However,
when the penetration depth is greater than half the membrane
thickness, there is a rapid increase for the average cluster size
as the penetration length increases.
In general, the rate and extent of clustering is dependent
on the hydrophobic lengths of anchored proteins embedded
in the membrane. The hydrophobic lengths, or more appro-
priately, the penetration length, substantially affect the
assembly kinetics and aggregate number, especially when
the penetration depth is more than half the membrane thick-
ness. The cluster formation mechanism will be discussed in
the following section.7 8 9
5 20
gstrom)
FIGURE 2 (A) The time evolutions of the number of
clusters (including monomer) for anchored proteins with
different hydrophobic lengths. (B) The average cluster
size of anchored proteins as a function of penetration depth.
The dash line indicates half the membrane thickness. (C)
The angle ftilt of anchored proteins with respect to the
membrane normal. (D) The height of the protein hydro-
phobic part above the membrane.
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To reveal the mechanism of the cluster formation of
anchored proteins, we examined the interaction between
the proteins and the membrane in which they embed by per-
forming constrained DPD simulations. For each simulation
run, 25 embedded proteins were regularly arranged into the
prepared membrane as the initial configuration. The surface
tension was finely tuned to close to zero by changing the
number of the lipids. During the constrained DPD simula-
tions, the center of mass (COM) of each protein was kept
fixed in the x and y directions. The constraint was imple-
mented by adding two virtual forces Fxvirtual and F
y
virtual on
each bead i of the protein. The virtual forces were deter-
mined by
Favirtual ¼ 
X
i
X
jsi
f aij =Nprotein (7)
where f aij is the component of the interaction force between
the beads i belonging to the protein and its neighbor j in
a direction, Nprotein is the total number of beads for the
protein, and a represents x or y direction. Except for the con-
straint of the COM of proteins in x and y directions, the
evolution of the system is the same as for the normal DPD
simulation. With the imposed constraints, the movement of
proteins along the membrane was arrested, while the local
deformations of the membrane due to the insertion of the
proteins were not perturbed.
To consider the influence of the protein hydrophobic
length, a number of the constrained DPD simulations were
performed for proteins with different hydrophobic length,
such as nt ¼ 2, 3, 4, 5, 6, 7, and 8. Below is our detailed anal-
ysis on the simulation results.0 5 10 15 20
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Biophysical Journal 98(11) 2554–2563Local membrane perturbations caused by anchored proteins
Fig. 2 C shows the effects of penetration depth for an
anchored protein on the tilting angle between the protein
and the bilayer normal. Note that all results were statistically
averaged over the 25 proteins. It is found from the figure that
the proteins of nt < 6 do not tilt, basically, because their
penetration depths are shorter than or nearly equal to half
the membrane thickness. For other proteins with penetration
depths being larger than half the membrane thickness, they
do tilt toward the membrane, and the tilting angle sharply
increases with the extent of the deviation between the protein
penetration depth and half the membrane thickness. As dem-
onstrated below, the protein tilt mainly results from the
protein alleviating its own perturbation on the lower mono-
layer of the membrane. However, if an anchored protein,
such as nt ¼ 8, is too long to be accommodated in the
membrane when oriented perpendicular to the membrane
surface, the protein tilt is mainly a result of having to avoid
unfavorable exposure to a hydrophilic environment.
Although the anchored proteins are found to tilt, to relax
their perturbation on the membrane structure (as shown in
Fig. 2 C), the insertion of those proteins does cause a degree
of local deformation of the membrane. Fig. 3 shows the
calculated profiles of the hydrophobic surfaces for the upper
and lower monolayers (relative to the upper end of the
protein hydrophobic parts), respectively, as a function of
the distance from the COM of proteins. For convenience,
the actual and effective lengths of the hydrophobic part
(dp and d
eff
p ) and the penetration depth of proteins are also
shown in the figure to describe the location of the proteins
and the membrane deformation. Note that because of the
protein tilting, the profile of membrane thickness (only
hydrophobic parts were taken into account), which is shown25 30
5 20 25 30 35 40
25 30
15 20 25 30 35 40
FIGURE 3 The locations for the upper and lower mono-
layer as a function of the distance from the center of
proteins. Insets show the thickness of the membrane.
Shaded area represents the measured protein hydrophobic
length dp, and open area represents the effective protein
hydrophobic length deffp . The penetration depths of dif-
ferent proteins are also shown in the figures. The zero point
of the perpendicular axis represents the highest point of the
protein hydrophobic parts.
Cluster Formation of Anchored Proteins 2559in the inset of Fig. 3, cannot be calculated directly from the
profiles for the upper and lower monolayers.
For all cases we studied, the proteins show a tendency to
protrude from the upper monolayer due to the extrusion
effects imposed by surrounding lipids (see Fig. 2 D), and
to cover the hydrophobic part of the proteins the lipids in
the upper monolayer form a bulge structure (see Fig. 3).
The perturbations induced by the proteins are local and
decay, and the membrane thickness returns to its unperturbed
value at a distance of ~30 A˚ from the protein. Fig. 3, A and B
shows that the height of the bulge structure weakly varies
with the penetration depth when the depth is less than half
the membrane thickness. However, when the penetration
depth is greater than half the membrane thickness (see
Fig. 3, C and D), the height of the bulge structure strongly
increases with the penetration depth—which is in similarity
to the trend shown by the results of the tilting angle (see
Fig. 2 C).
Compared with the upper monolayer, the perturbations of
the lower monolayer induced by the insertion of anchored
proteins show different behaviors. For the protein of nt ¼ 2
(see Fig. 3 A), the lower monolayer bends toward the protein.
This is mainly because the space below the short proteins
needs to be filled by lipids both from the upper and lower
monolayers. For the protein of nt ¼ 4, a similar trend is found
(see Fig. 3 B), although only the lipids of the lower mono-
layer participate in filling the space. When nt ¼ 5, the protein
hydrophobic length is somewhat longer than half the
membrane thickness, and the lower monolayer becomes
basically flat (see Fig. 3 C), because of the length match
between the penetration depth and half the membrane thick-
ness. For the proteins with hydrophobic length being much
longer than half the membrane thickness, such as nt ¼ 7,
the lower monolayer plumps up (see Fig. 3 D) and a signifi-
cantly negative curvature is generated, because of the steric
repulsion induced by the protein.
Surface energy due to the perturbation
on the membrane thickness
For a bilayer composed of two monolayers, there is coupling
of the two monolayers (56) because of their chain interdigi-
tation. In this study, the upper and lower monolayers are
found to be deformed by the anchored proteins in different
ways. However, the strong intermonolayer coupling implies
that the overall perturbation induced by an anchored protein
can be characterized by the thickness of the membrane. The
membrane thickness near the protein was calculated and
shown in the inset of Fig. 3. The results in general indicate
little perturbation of membrane thickness for a shallowly in-
serted protein (e.g., nt ¼ 2, 3, and 4), but there is significant
perturbation for a more deeply inserted protein (e.g., nt ¼ 5,
6, 7, and 8).
Our above results demonstrate that the insertion of
anchored proteins results in a region of membrane with an
unfavorable curvature (30) to surround the proteins. Hence,the area of the region with unfavorable curvature, which
can be roughly characterized by the deformation of the
membrane thickness, induces an increase in surface energy.
In addition, the thickness mismatch between the deformed
and the undeformed bilayers gives rise to an energy cost.
To reduce the area with unfavorable curvature, the proteins
tend to aggregate to share it. In this way, the deformation
of the interface will then react upon the proteins with effec-
tive forces that aim to reach a minimum surface energy
(which therefore corresponds to the aggregation of anchored
proteins). As is shown in Fig. 3, the perturbation on mem-
brane thickness is found to increase significantly, as the
penetration depth exceeds half the membrane thickness.
This is the reason why the penetration depth substantially
affects the assembly kinetics and aggregate number when
the penetration depth is greater than half the membrane
thickness.
Entropy loss due to conformational constraints
In addition to the deformation of the membrane, we also
studied the arrangement of the lipid chains near the protein,
and its deviation from the symmetrical lipid bilayer in which
the protein-induced perturbation is absent. An order param-
eter, S(r), is defined here to depict the arrangement of
lipids as
SðrÞ ¼ 
3cos2ðqÞ  12; (8)
where q is the angle of lipid hydrophobic chain with respect
to the bilayer normal. S(r) has the value of 1 if the chain is on
average parallel to the bilayer normal, and 0.5 if the chain
is on average parallel to the bilayer plane. The simulation
results (see Fig. 4 A) show that, in the upper monolayer,
the order parameter of lipids surrounding the proteins is
larger than that of the pure lipid bilayer. It means that the
lipids around the proteins are more nearly parallel to the
bilayer normal, and that they arrange themselves in a more
orderly manner, due to the presence of the proteins. This
observation is similar to the one made by Schmidt et al.
(29) in regard to the effect of the transmembrane proteins
on the lipid arrangements, when the hydrophobic length is
longer than the membrane thickness.
The order parameter for the lipids in the lower monolayer
behaves completely differently from that in the upper mono-
layer. Fig. 4 B shows the order parameters of lipids sur-
rounding the proteins in the lower monolayer. For the protein
of nt < 5, the order parameter of surrounding lipids is not
significantly changed. The order parameters decay monoto-
nously, and are found to be less than that of the pure lipid
bilayer. However, when the protein penetration depths are
much longer than half the membrane thickness (e.g., nt ¼ 6,
7, and 8), the order parameters of the lipids in the lower
monolayer no longer decay monotonously. Instead, they first
increase to a maximum value and then decrease as the
distance from the proteins increases. This is because theBiophysical Journal 98(11) 2554–2563
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2560 Li et al.lipids below or nearest to the proteins have to tilt signifi-
cantly to adapt to the intrusion of the protein into the lower
monolayer. In the domain next nearest to the proteins, they
tend to parallel with the orientation of the proteins, similar
to their orientations in the upper monolayer.
The above simulation results show that the order parame-
ters of lipids are changed by the insertion of an anchored
protein. When the anchored protein deeply penetrates the
bilayer, the trend of order parameters indicates that the
conformation of lipid chains both in the upper and opposing
leafs would be significantly restricted. Thus, lipids sur-
rounding the deeply inserted proteins have lower entropy
due to their constrained configuration as compared to their
counterparts in an unperturbed bilayer. This decrease in
entropy may be expected to drive a clustering of anchored
proteins, similar to the formation of oil droplet in aqueous
mixtures. However, if its penetration depth is less than half
the membrane thickness, the conformational freedom of
the lipid tails in the lower monolayer will not be affected
significantly by the anchored protein.
In addition to the entropy loss from the constraints on the
lipid conformations surrounding an anchored protein, there
is another source of entropy loss if the penetration depth of
the anchored protein exceeds half the membrane thickness.
In this case, the internal degrees of freedom in the lower
monolayer of the fluidlike lipid membrane can be further
constrained by the upper monolayer due to the protein
coupling the two monolayers. Thus, there exists an enhancedBiophysical Journal 98(11) 2554–2563coupling between the two monolayers if the protein deeply
penetrates the bilayer. Consequently, the entropic cost due
to the loss of the internal degrees of freedom of the bilayer
may drive the aggregation of anchored proteins.
In general, in this section we studied how the insertion
of an anchored protein deforms the upper and lower
monolayers, separately and differently. The intermonolayer
coupling of the upper and lower monolayers makes the
membrane thickness a good indicator of the membrane
deformation induced by the insertion of anchored proteins.
Studies on the local structures of membranes indicate weak
perturbation of bilayer thickness for a shallowly inserted
protein, while there is significant perturbation for a more
deeply inserted protein. The mechanism of membrane-medi-
ated protein-protein interaction is twofold. One is the entropy
loss caused both by the conformation restriction for the lipid
chains surrounding the proteins and by the enhanced
intermonolayer coupling for deeply inserted proteins. This
decrease in entropy may be expected to drive a clustering
of anchored proteins. The other is the perturbation of mem-
brane thickness due to the insertion anchored proteins. The
thickness mismatch between the protein and the bilayer
as well as the thickness mismatch between the deformed
and undeformed bilayers give rise to an energy cost. The
mismatch would then cause the aggregation of anchored
proteins.Comparison with transmembrane protein
The cluster formation mechanism of anchored proteins in our
work is ascribed to the different local perturbations on the
upper and lower monolayers and the intermonolayer cou-
pling. The mechanism is different from that of hydrophobic
mismatch (31) for transmembrane protein (see Fig. 5, A
and B). As a comparison with the anchored proteins, we
also simulated the self-assembly of the transmembrane
proteins with different hydrophobic lengths and the same
hydrophilic parts. The transmembrane protein model is
similar to that of the anchored protein, except that there are
two hydrophilic parts at both ends of the protein. Seven
different proteins with different hydrophobic lengths, i.e.,
nt ¼ 4, 5, 6, 7, 8, 9, and 10, were simulated in the same
conditions as those for anchored proteins. The aggregation
kinetics is shown in Fig. 5 C. Obviously, the dynamics and
aggregation number depends on the extent of hydrophobic
mismatch, which is agreement with the work of Schmidt
et al. (29).
The aggregate mechanism for anchored proteins and that
for transmembrane proteins are in fact different, as is sche-
matically shown in Fig. 5, A and B. When compared to the
membrane deformations by anchored proteins (see Fig. 5 A),
it is found that for the transmembrane proteins, the symmetry
of their structures imposes the same influence on both leaflets
of the membrane (see Fig. 5 B). For anchored proteins, they
perturb the upper and lower monolayer, separately and
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Cluster Formation of Anchored Proteins 2561differently. Moreover, for a transmembrane protein, to match
the hydrophobic length of the protein and the hydrophobic
thickness of the membrane it embeds, the membrane would
be deformed regardless of whether the protein is too long
or too short to be accommodated. For an anchored protein,
only when the protein deeply penetrates the membrane
would the structure of the lower monolayer be significantly
deformed.
For the two kinds of proteins, their different lipid-protein
interactions result in different cluster formation mechanisms.
The cluster formation mechanism of transmembrane proteins
was ascribed to hydrophobic mismatch (31). It suggests that
mismatch between the hydrophobic surface of the transmem-brane proteins and the hydrophobic interior of the membrane
induces the protein clustering to minimize the effects of
the mismatch. For anchored proteins, the cluster formation
mechanism is ascribed to the different local perturbations
on the upper and lower monolayers and the intermonolayer
coupling, as was discussed above. This mechanism suggests
that only when the anchored proteins deeply penetrate
the bilayer, or are at least greater than half the membrane
thickness, could the substantial aggregation of proteins be
observed.
It is the different cluster formation mechanisms that result
in the different aggregation trends between transmembrane
proteins and anchored proteins. The hydrophobic mismatch,
regardless of the positive or negative, favors the cluster
formation of transmembrane proteins when compared with
the protein with zero hydrophobic mismatch (see Fig. 5 C).
In contrast, the clustering rate of anchored proteins increases
monotonously with the hydrophobic length (see Fig. 2 A).CONCLUSIONS
The cluster formation of anchored proteins embedded in the
membrane has been studied in this work with the help of
computer simulations. It is found from simulations that the
rate and extent of clustering is dependent on the hydrophobic
length, or more appropriately, the penetration length of
anchored proteins in the membrane. We have quantified
such clustering and explored the relationship between the
protein aggregation and protein-protein interaction mediated
by membrane perturbation. Our results suggest that the inser-
tion of protein perturbs the local structure of membrane,
which in turn results in the protein-protein interaction.
The cluster formation mechanism of anchored proteins in
our work is ascribed to the different local perturbations on
the upper and lower monolayers and the intermonolayer
coupling. Only when the anchored proteins deeply penetrate
the bilayer, or are at least more than half the membrane
thickness, can the structure of the lower monolayer be
significantly deformed. Studies on the local structures of
membranes indicate weak perturbation of bilayer thickness
for a shallowly inserted protein, while there is significant
perturbation for a more deeply inserted protein.
There are two mechanisms of membrane-mediated pro-
tein-protein interaction. One is the entropy loss caused
both by the conformation restriction for the lipid chains
surrounding the proteins and by the enhanced intermono-
layer coupling for a deeply inserted protein. This decrease
in entropy may provide the driving force for the clustering
of anchored proteins. The other mechanism is the local
perturbation of the membrane thickness due to the insertion
of anchored proteins. The thickness mismatch between the
protein and the bilayer as well as the thickness mismatch
between the deformed and undeformed bilayers give rise
to an energy cost. The mismatch would then react on the
proteins with effective forces aiming to reach a minimumBiophysical Journal 98(11) 2554–2563
2562 Li et al.surface energy, which then causes the aggregation of
anchored proteins.
Finally, in this study we addressed the difference of cluster
formation mechanisms between anchored proteins and trans-
membrane proteins. In our work, the cluster formation mech-
anism for anchored proteins is different from the mechanism
of hydrophobic mismatch (31) for transmembrane proteins.
This is because, for the transmembrane proteins, the sym-
metry of their structure imposes the same influence on both
leaflets of the membrane. For anchored proteins, they deform
the upper and lower monolayer separately and differently.
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